Abstract: Two kinds of compact planar electrical resonant structures (PERSs) are proposed as the solution to realize far-field sub-wavelength imaging of extended target. The proposed structures have their advantages in low profile, compact size, and electrical coupling property. The conversion between evanescent and propagation waves of the two structures enables the sub-wavelength information to be carried to far-field. The first PERS consists of periodically distributed spiral resonators. With the help of background Green's function, sub-wavelength images of two-dimensional extended target with the resolutions of λ/11 from simulation and λ/7 from experiment are reconstructed in the far-field by multiple signal classification imaging method. The second PERS similarly consists of spiral resonators, which operate at different frequencies. Image of an extended target with a resolution of λ/17 from experiment is reconstructed from the spectra received in the far-field, without the use of the background Green's function. Both simulations and experiments are performed to validate the proposed structures. The sub-wavelength imaging results show that the proposed PERSs can be widely applied in new super-resolution imaging systems.
Introduction
As we know, the sub-wavelength information of an object is carried by evanescent waves, which exhibit exponential decay in free space and natural materials. So the conventional imaging systems only operating with propagation waves are subject to the diffraction limit and the resolution is restricted by half wavelength [1] . In order to overcome this limitation, an instrument should be able to collect information carried by both propagation and evanescent waves. In 1984, Pohl et al. introduced the near-field probe to scan the surface of an object to obtain sub-wavelength imaging in optical range [2] . However, this method is unsuitable for real-time applications. In addition to nearfield optical approaches, many new ideas aimed at breaking the diffraction limit have been proposed. In 2000, the concept of superlens made of a metamaterial with both negative permittivity and permeability is proposed by Pendry to realize sub-wavelength imaging, which provides the special property to amplify evanescent waves [3] - [5] . Although the idea was demonstrated experimentally by a silver slab, it could only work at a particular frequency to satisfy the condition of negative permittivity and permeability, and the imaging plane is still limited in the near-field of the superlens because the evanescent waves still decay exponentially after leaving the superlens. To achieve super-resolution imaging in far-field, far-field superlens, hyperlens, etc., could provide feasible alternatives [6] - [9] . However, the special material properties of these lenses are not good for their application in microwave range directly.
In microwave band, resonant metalens, which consist of periodically-distributed wire resonators, has been proposed to realize far-field sub-wavelength imaging [10] , [11] . The existence of Bloch modes to control wave localization at a sub-wavelength scale makes the metalens able to convert evanescent waves into propagation waves. But its large size and structure features make it difficult to fabricate and apply in practical situation. Afterward, magnetic metalens working has been proposed, but there are few magnetic coupling cases in practical applications [12] - [14] .
In this paper, two kinds of compact planar electrical resonant structures (PERSs) are proposed for far-field sub-wavelength imaging. Aided by the proposed structures composed of spiral resonators, evanescent waves can be converted into propagation waves. The sub-wavelength information of targets can be carried to the far-field. So the image can be reconstructed from the information obtained in the far-field. The proposed PERSs are easy-designed and the component resonators can be expanded to different types of resonators, such as dielectric resonators, acoustic resonators, and optical resonators. Compared with the existing work in [10] , [12] and [15] , the proposed structures have lower profile and more compact size. Owing to these superiorities, they have great significance in practical applications, such as medical imaging, non-destructive evaluation, etc. In contrast with source imaging in [15] , sub-wavelength imaging of two-dimensional (2D) extended target is performed to further validate the proposed structures. Well enhanced imaging resolution beyond diffraction limit is obtained from the simulated and experimental results.
Analysis and Design
The solution to realize far-field super-resolution imaging is firstly inspired by the concept of resonant metalens. The resonant metalens is the wire medium indeed, which can be described by means of an anisotropic dispersive dielectric tensor [16] , [17] . Based on the transmission line modes supported by the wire medium, sub-wavelength features in microwave band have been obtained, but the imaging zone is still limited to the near-field range of the wire medium. By analyzing these propagation modes, the wire medium is expanded into the resonant metalens in far-field applications. The wire medium given in [16] , [17] is analyzed firstly. When the length of the wires is infinite, the wave solution is just the same as the Bloch wave solution because of the periodical property. The TEM Bloch mode satisfies the following dispersion relation [18] :
where k z is the longitudinal wave number, ω is the angular frequency, and c is the speed of light in free space. It can be seen that the TEM modes are propagation modes which are independent of the transverse wave-number. That is to say, the modes contain both sub-wavelength information and larger scale information. When the length of the wires is finite, due to the boundary condition at the two interfaces, the resonators give rise to a Fabry-Perot-like resonance.
where k t is the transverse wave number, k 0 and f 0 stand for the original first Fabry-Perot-like resonance. From the dispersion relation, it can be derived that the spatial scale of the Bloch mode is highly frequency dependent around the resonance. In other words, the sub-wavelength information is associated with the frequency signature. What is more, in the presence of strong resonance, dipole radiation happens on the wires, which transports the frequency signature to far-field. Taking advantage of the signature in far-field permits us to reconstruct sub-wavelength image with suitable imaging methods. This concept can also be transposed to optical range [19] . To validate the theory aforementioned, a compact PERS is proposed, which consists of periodically-distributed sub-wavelength spiral resonators. The physical dimensions are shown in Fig. 1(a) . The resonator cell is implemented as printed strips on the top of a piece of substrate, which has a relative permittivity of 2.65 and a thickness of 1 mm. The width of the strips and the distance between each strip are both 0.5 mm. The working frequency is 1.33 GHz. A 20 × 20 array of spiral resonators with a period of a = 10 mm is designed to constitute the integrated PERS, as shown in Fig. 1(b) .
Numerical analyses of the proposed structure are performed by CST Microwave Studio. A small dipole source is chosen to excite the PERS, which is located 5 mm above the cell in the tenth line and tenth column of the structure. The simulation is performed from 1 GHz to 1.5 GHz. Two CST E-field probes are set to record the near-and far-field frequency spectra, respectively. The near-field probe is located at a distance of 25 mm to the left of the PERS, and the far-field probe is located at a distance of 3000 mm to the right of the PERS, as shown in Fig. 1(c) . In Fig. 2 , the black solid lines show the received spectra in the near-and far-field, which are similar to each other. Many resonant peaks of the spectra demonstrate a consequence of the resonant nature in the structure. For comparison, additional simulation without the structure is performed. The results are shown in Fig. 2 by the red dotted lines, which are much smaller than those with the structure and show no resonant peak. Therefore, owing to the resonant nature, the conversion between the evanescent and propagation waves has been realized. The field propagating in the PERS can be expanded in Bloch modes because of the periodical property. Because the transverse period of the PERS is finite, the transverse wave vector k t is quantified:
with intergers (m,n) ∈ [1, N ] 2 , N is the number of period in transverse dimensions, and D is the size of the PERS in transverse dimensions, D = a · N . To verify the Bloch mode distributions corresponding to the resonant peaks, the CST eigenmode solver is used. For simplification, a 5 × 5 array of PERS is applied to calculate the eigenmodes. The array is located in the center of a cavity. The size of the cavity is designed reasonably to make its fundamental resonant frequency larger than that of the PERS to avoid the interference of the cavity's resonant modes. Maps of the Bloch mode distributions are presented in Fig. 3 , which display the Bloch mode distributions of Ey component: (3, 5) , (4, 4) , (4, 5) , (5, 5) . The electric field distribution shows the sub-wavelength varying field with a spatial scale much smaller than the operating wavelength. Due to the dispersion relation, these modes carrying their spatial information radiate to far-field as frequency signatures and indicate the conversion of evanescent waves into propagation waves. The unique properties provide the capacity to realize far-field sub-wavelength imaging.
Implementation

Imaging Implementation Aided by PERS
To validate the imaging property aided by the aforementioned structure, a numerical simulation of two thin cylinders with a length of 70 mm and a radius of 5 mm is performed. The cylinders with different directions are located 5 mm above the structure, as shown in Fig. 4 . Fourteen dipole antennas operating at 1.3 GHz are chosen as the transmitters and receivers. 8 z-polarized dipole antennas are located 5 λ outside around the structure, 3 x-polarized antennas are located 5 λ above the structure and 3 y-polarized antennas are located 5 λ below the structure. The imaging procedures are as follows: Step 1: without the presence of the imaging targets, an E-field monitor of 1.3 GHz is set in the plane of the cylinders to probe the electric field. When one antenna emits a signal, the electric field E (Ex, Ey, Ez) recorded by the monitor can be seen as the Green's function G (Gx, Gy, Gz) between the antenna and the imaging plane;
Step 2: each antenna emits a signal and the others are regarded as receivers. Then we obtain a 14 × 14 transmitting matrix, K1, which shows the frequency responses among all antennas;
Step 3: with the presence of the imaging targets, repeat Step 2, the transmitting matrix, K2, is obtained;
Step 4: calculate the scattering matrix K = K2 − K1, which carries the spatial information of the two cylinders;
Step 5: with the Green's function G (Gx, Gy, Gz) and the scattering matrix K, the image can be reconstructed by multiple signal classification (MUSIC) imaging method [20] , [21] . The imaging result is demonstrated in Fig. 5(a) , which displays the proper position of the two cylinders. In the imaging plane, along the lines of x = 0 and y = 0 marked by the white solid line and dotted line in Fig. 5(a) , the resolution defined by half-peak width is about 21 mm, corresponding to λ/11, well enhanced beyond the diffraction limit, as shown in Fig. 5(b) . For comparison, a similar simulation without the structure has been done. Fig. 6(a) shows the imaging result with a resolution of 0.7 λ. Comparison of the two imaging results obviously demonstrates the ability of enhancing imaging resolution with the PERS. An experiment is performed to further validate the imaging result. The PERS is fabricated on the top of a substrate with a relative permittivity of 2.65 and a thickness of 1 mm, as shown in Fig. 7(a) . Two ferrous cylinders with a radius of 3 mm are used as the L-shaped imaging target, which are located 1 mm above the PERS. Several pieces of transparent tape are placed between the PERS and the cylinders to avoid the direct touch. The experiment schematic diagram and measurement setup are illustrated in Fig. 7(b) and (c). Ten Vivaldi's antennas are used as the transmitters and receivers 5 λ away from the PERS, which are located at the same horizontal plane. The transmitter is connected with a power amplifier and a vector network analyzer (VNA), and the receiver is connected with the VNA directly. The frequency band of measurement is from 1 GHz to 1.7 GHz. The steps of experimental and imaging processes are as follows: Step 1: in presence of the PERS, one Vivaldi's antenna is chosen as the transmitter, and another one is chosen as the receiver. The transmission spectra S21 between transmitter and receiver are recorded by the VNA. The data are the average values of fifty measurements;
Step 2: change the location of transmitter and receiver, repeat Step 1. There are 9 × 10 measurements in total. So the 10 × 10 transmission matrix, K1, is obtained, whose diagonal elements are zero;
Step 3: in presence of both the PERS and the L-shaped target, repeat Step 1 and Step 2. So the 10 × 10 transmission matrix, K2, is obtained;
Step 4: obtain the scattering matrix K = K2 − K1;
Step 5: use the scattering matrix K and the simulated Green's function G (Gx, Gy, Gz) to reconstruct the image by MUSIC method. The imaging result is presented in Fig. 8(a) . The position of the two cylinders is displayed properly. In the imaging plane, along the line marked by the white solid and dotted line in Fig. 8(a) , the resolution defined by half-peak width is about 33 mm, corresponding to λ/7, as shown in Fig. 8(b) . In conclusion, the proposed PERS can help us to realize far-field imaging with sub-wavelength resolution.
The proposed PERS has some advantages over the metalens given in [10] and [12] and the PRLs given in [15] . The wire metalens in [10] is a kind of stereo structure with high profile, which is difficult to fabricate and fix. The PRLs proposed in [15] is a multi-layer structure. The imaging plane of the wire metalens and the PRLs is located at the inferface of the lens, which is inconvenient in practical applications compared with planar structures. Corresponding to the working wavelength, the PERS has a low profile of 0.004 λ, which is much lower than the metalens in [10] with a size of 0.5 λ and the PRLs in [15] with a size of 0.03 λ. In addition, the period of the PERS is λ/24, which is more compact than the planar magnetic metalens in [12] with a period of λ/14. Scatters in nature usually consist of electrical conductor or dielectric, so electric coupling will be wider applied than magnetic coupling in practical applications.
Multi-Frequency PERS and Imaging Implementation
From the study discussed above, one can find that even if all resonant cells operate at the same frequency, hybridization between resonators splits the resonance to many different resonant peaks which depends on the number of resonant cell in each periodical direction. It has been proved that the frequency signatures carry the spatial information, so it may be possible to obtain the position of target from the frequency spectrum directly. One method is to design a structure with resonant cells working at different frequencies. The distance between each cell must be optimized to a suitable value to decrease the coupling between adjacent cells. Based on this fact, a kind of multi-frequency PERS (MFPERS) is proposed, as shown in Fig. 9 . This structure is still implemented on the top of a substrate with a relative permittivity of 2.65 and a thickness of 1 mm. Physical dimensions of resonator cell are designed to make its frequency to operate from 0.8 to 1.85 GHz. The period in two dimensions is set at L = 14 mm, corresponding to λ/17 of the central frequency. Similar simulations are performed as that in Part A to record the near-and far-field spectra. The analysis frequency is set from 0.6 to 1.9 GHz to cover the operating band of all cells. Fig. 10 shows the numerical simulation results of the spectra with and without the structure. 12 resonant peaks represent the resonant frequencies of 12 different cells, respectively.
In the following, we choose five small dipoles as point-like sources to do sub-wavelength imaging. These dipoles are placed 5 mm above the structure to excite the structure, marked by red arrows in Fig. 11(a) . A CST far-field probe is set to record the intensity of radiated field. The result is plotted in Fig. 11(b) . Since we have known the position and resonant frequency of each cell in advance, we reconstruct the image based on the analysis of far-field spectrum, as shown in Fig. 11(c) . The image shows a good resolution of λ/17.
To further validate the proposed MFPERS, an imaging experiment of extended target is performed. Two pieces of structures are fabricated. For structure 1, there are only the resonant cells on the top of a substrate with relative permittivity of 2.65 and a thickness of 1 mm, as shown in Fig. 12(a) . For structure 2, there are not only the resonant cells on the top of a substrate with relative permittivity of 2.65 and a thickness of 1 mm, but also a T-shaped strip on the back of the substrate as the extended target, as shown in Fig. 12(b) . The experiment schematic diagram is illustrated in Fig. 12(c) . Five Vivaldi's antennas located at a distance of 5 λ to the left of the MFPERS are chosen as transmitters, denoted by transmitter 1 (T1) ∼ transmitter 5 (T5). These antennas are connected with a power divider and a power amplifier. Five Vivaldi's antennas located at a distance of 5 λ to the right of the MFPERS are chosen as receivers, denoted by receiver 1 (R1) ∼ receiver 5 (R5), which are connected with a power divider. A VNA is used to measure and save the experimental data. The experimental processes are as follows:
Step 1: in the presence of the MFPERS and without the T-shaped target, the transmission spectra S21 between T1∼T5 and R1∼R5 are recorded by the VNA, denoted by S1. The data are the average values of fifty measurements;
Step 2: in the presence of both the MFPERS and the T-shaped target, the transmission spectra S21 between T1∼T5 and R1∼R5 are recorded by the VNA, denoted by S2;
Step 3: obtain the scattering spectra S = S2 − S1;
Step 4: use the scattering spectra to reconstruct the image. The scattering spectra are shown in Fig. 13(a) . The five highest resonant peaks represent the five resonant cells below the T-shaped target. Fig. 13(b) presents the reconstructed image by the scattering spectra with a good resolution of λ/17. Without the help of the Green's function, the imaging process is very simple and real-time. The period of the MFPERS is λ/17, which is more compact than the multi-frequency metalens in [13] with a period of λ/9.
Conclusion
In this paper, two kinds of planar electrical resonant structures are presented to realize far-field sub-wavelength imaging of extended targets. Due to the dispersion relation of the structures, evanescent-to-propagation conversion has been realized so that sub-wavelength information can be obtained in far-field. All results of simulations and experiments present sub-wavelength imaging of extended targets, which provides two feasible alternatives to break the diffraction limit. These planar structures have the advantages in design and integration, along with much lower profile and more compact size than that of the existing work. In addition, these types of structures can be applied to optical resonators, so that the proposed structures would likely be applicable in optical range. These characteristics make them widely applicable in radiation detection of integrated circuits and resolution improvement of traditional imaging systems.
